). We confirmed this in the two able at above website).
wild-type embryos that we sectioned ( Figure 2B ). SignifiAssembly of monopolar spindles during the second cantly, in the four sas-4(RNAi) embryos that we serially mitotic division suggested that F10E9.8(RNAi) embryos sectioned, only one centriole was found at each spindle might be defective in centrosome function. We therefore pole ( Figure 2C ). From these results, we conclude that examined centrosome dynamics using a strain co-SAS-4 is required for centriole duplication in the C. eleexpressing GFP-␥-tubulin, a centrosomal marker, and gans embryo. GFP-histone ( Figure 1B , see also Supplemental Movies S3 and S4 available at above website). In all F10E9.8 (RNAi) embryos filmed (n ϭ 10), bipolar spindles with SAS-4 Localizes to Centrioles Throughout the Cell Cycle wild-type levels of ␥-tubulin fluorescence at the spindle poles formed during the first mitotic division ( Figure 1B , Our phenotypic analysis indicated that SAS-4 is required for centriole duplication, raising the possibility that top images). However, only a single focus of ␥-tubulin fluorescence was observed in each daughter cell during SAS-4 is a centriolar component. To examine the localization of SAS-4 in vivo, we generated an affinity-purified the second mitotic division. These single centrosomes accumulated ␥-tubulin normally and organized monopopolyclonal antibody and used it for immunofluorescence of whole worms and fixed embryos. In worms, SAS-4 lar spindles ( Figure 1B newly fertilized embryos, SAS-4 is localized to a discrete To examine SAS-4 localization at an ultrastructural level, we performed immunoelectron microscopy on emspot near the sperm-derived pronucleus ( Figure 3C , top images). At a slightly later stage, ␥-tubulin is recruited bryos from wild-type hermaphrodites subjected to highpressure freezing/freeze substitution. In the majority of to the sperm centrioles forming a focus that colocalizes with SAS-4 (not shown). As the embryo proceeds into sections containing centrioles, the secondary antibody conjugated 10 nm colloidal gold particles were observed mitosis, the amount of ␥-tubulin at centrosomes dramatically increases (Hannak et al., 2001; Figure 3C , bottom specifically associated with centriole walls ( Figure 3F ). In many images, gold particles were detected associated images). In contrast, the SAS-4 staining remains unchanged as a small dot in the center of the centrosome with both mother and daughter centrioles. Cumulatively, the results of the immunofluorescence and immunoelec-( Figures 3C and 3E) . To confirm the antibody localization, we generated a GFP-SAS-4 expressing strain using tron microscopy indicate that SAS-4 localizes to centrioles throughout the cell cycle. microparticle bombardment (Praitis et al., 2001 Centrosomes split during telophase, resulting in two These observations suggest that SAS-4 levels dictate the amount of PCM at centrosomes. centrosomes each of which contains one centriole (see schematic in Figure 4D ). This stage is particularly inforTo quantitatively compare partial RNAi of zyg-1 and sas-4, we injected hermaphrodites with dsRNA directed mative because it makes it possible to assay the SAS-4 associated with each centriole independently. Signifiagainst either gene and dissected them after incubation at 16ЊC for 18, 24, and 28 hr. As a control, we also cantly, while both centrosomes contain SAS-4, only one of the centrosomes, most likely the one containing the dissected hermaphrodites injected with sas-4 RNA that were incubated for 36 hr at 20ЊC, the conditions used daughter centriole synthesized in the embryo cytoplasm, contains GFP-SAS-4 ( Figure 4D ). By prophase above for stringent RNAi of sas-4 (Figures 1 and 2 ). Centrosomes in fixed mitotic two-cell stage embryos of the second mitosis, the centrioles have duplicated again. Both centrosomes now contain at least one cenwere analyzed by staining for ␥-tubulin ( Figure 5B ) and ZYG-9 (not shown). The asymmetry of the centrosome triole that was synthesized in the oocyte cytoplasm and GFP-SAS-4 is detected in the center of both centropair in each cell was assessed and classified as either wild-type, asymmetric or, if only one centrosome was somes ( Figure 4E ). Interestingly, although the intensity of total SAS-4 staining was equivalent between the two present, mono-centrosomal. This analysis revealed that asymmetric spindles are never observed in zyg-1(RNAi) centrosomes in each prophase cell of two-cell embryos, the GFP-SAS-4 staining was asymmetric ( Figure 4E between embryos ( Figure 6C ). As expected, for centroOur results suggest that SAS-4, like centriolar tubulin, is a stably associated structural component of centrioles some pairs in wild-type embryos the ratio of ␥-tubulin (dim/bright) and the ratio of SAS-4 (dim/bright) were that is incorporated during their duplication. always close to one, suggesting that the two centrosomes in each cell contain similar amounts of SAS-4 SAS-4 Is Required for Centriole Duplication and similar amounts of ␥-tubulin (the ratio of SAS-4
) and to GFP to detect only the GFP-SAS-4 fusion (GFP-SAS-4). Centrosomes are shown in the insets (magnified 3ϫ). A schematic of our interpretation of the results is shown on the right. (A) In recently fertilized embryos, SAS-4 localizes to the centriole pair associated with the sperm nucleus. There is no staining in the GFP channel. (B) By prophase of the first mitotic division, GFP-SAS-4 has been incorporated into both centrosomes. (C) GFP-SAS-4 is also detected in a single
Using correlative DIC/TEM microscopy, we have shown dim/bright is always slightly less than one because we that metaphase centrosomes in stringent sas-4(RNAi) defined the dim centrosome as the one that contains embryos contain only one instead of the normal two less SAS-4). Interestingly, in the partial sas-4(RNAi) emcentrioles, demonstrating that SAS-4 is required for cenbryos, the ratio of ␥-tubulin fluorescence at the two triole duplication. Nevertheless, normal-looking spinasymmetric centrosomes was proportional to the ratio dles with wild-type levels of ␥- centriole cycle will be needed to determine the exact timing of daughter centriole maturation in the C. elegans Two of the four serially sectioned embryos that we analyzed had asymmetric centriolar structures at the two embryo. Our analysis of GFP-SAS-4 in the mating experiment spindle poles ( Figure 6D ). In these embryos, each spindle pole contained a single centriole, suggesting that suggests that centriole duplication occurs after centrosome splitting in telophase ( Figures 4D and 4E) . The one round of centriole duplication occurred but the second round, which normally occurs prior to metaphase centrosome cycle inferred from this result for the C. elegans embryo is very similar to the one reported for of the second division, failed. Interestingly, whereas one of the centrioles in each cell had a normal appearance, Drosophila embryos (Callaini and Riparbelli, 1990). In both of these embryonic systems, centrosomes contain the second centriole had a smaller, defective, structural appearance (Figure 6Db and 6De) . Although 3D EM tobetween 1 and 2 centrioles depending on cell cycle state. The situation is somewhat different in vertebrate mography will be needed to assess the exact nature of the structural alteration in these defective centrioles, somatic cells, where centrosomes contain between 2 and 4 centrioles. In these cells, the mother and daughter these results suggest that reduction of centriolar SAS-4 leads to the formation of structurally compromised centrioles lose their orthogonal orientation in anaphase/ telophase ( important future goal.
